Coda wave interferometry is a recent analysis method now widely used in seismology. It uses the increased sensitivity of multiply scattered elastic waves with long travel-times for monitoring weak changes in a medium. While its application for structural monitoring has been shown to work under laboratory conditions, the usability on a real structure with known material changes had yet to be proven. This article presents experiments on a concrete bridge during construction. The results show that small velocity perturbations induced by a changing stress state in the structure can be determined even under adverse conditions. Theoretical estimations based on the stress calculations by the structural engineers are in good agreement with the measured velocity variations.
I. INTRODUCTION
Among the various methods of nondestructive evaluation and testing (NDT) of civil engineering structures, wave methods play an extraordinary role. Electromagnetic as well as elastic wave methods are fast and usually provide good spatial resolution for the characterization of the structure (McCann and Forde, 2001) . Seismic methods include the investigation of eigenmodes (Abeele and Visscher, 2000) for damage characterization, the use of reverberations (Impact-echo) to determine the thickness of a concrete layer (Sansalone and Carino, 1988) , sonic/seismic tomography, and reflection methods. These methods are good candidates for further developments to fulfill the increasing demand for long term monitoring of civil engineering structures. The modified focus from the spatial distribution of material parameters toward temporal changes opens new possibilities for their application (Wiggenhauser, 2010) .
It has been demonstrated for elastic wave methods that it is possible to monitor temporal changes with a precision far superior to the accuracy of repeated structural investigations if spatial resolution is not of primary interest (Grêt et al., 2006; Larose and Hall, 2009; Shokouhi et al., 2010) . This is especially true for target media with strong internal heterogeneity such as concrete, where the strong scattering at high frequencies would render transmission/reflection and tomographic methods based on ballistic waves impossible (Anugonda et al., 2001; Saint-Pierre et al., 2007) . To turn this apparent limitation of strong scattering into an advantage, coda wave interferometry makes use of scattered waves with long travel-times in later part of the seismic signal (coda). Since waves in this part of the signal propagate through a perturbed region several times, the effects of minute changes in the medium accumulate to notable alteration of the acoustic waveforms. Since waves with different paths are superposed in the coda, spatial information about the changes is reduced compared to ballistic waves. Though the details of coda waves cannot be interpreted, changes in the medium alter the coda waves in a characteristic way that it can be evaluated with appropriate techniques (Poupinet et al., 1984; Snieder et al., 2002) .
While there have been numerous applications on geophysical problems, so far the structural monitoring applications were mostly restricted to laboratory environments. Larose et al. (2006) presented a study of a parking deck's slab, where a diurnal velocity variation could be shown and qualitatively explained by temperature variations, without a detailed physical model. In this paper we present an experiment that takes the method to an engineering structure where a detailed stress model is available for comparison with the wave field changes. We monitor stress variations in a concrete bridge with elastic waves of frequencies around 1 kHz.
We first introduce the acoustoelastic effect as the basis of the relation between stress changes and variation of the elastic wave velocity. Since the expected velocity variations are too weak to be measured by the time-of-flight (TOF) of ballistic waves we explain our approach to use scattered waves in Sec. III. Before the experiment at the bridge is presented in Sec. V we describe in Sec. IV the laboratory measurements that were conducted to obtain the relevant parameters for the bridge's concrete. Finally we discuss the results and give a summary in Secs. VI and VII. physical or chemical parameters through damage, but through the acoustoelastic effect, stress also induces perfectly reversible changes of the elastic wave velocity.
A. Stress damage
Concrete is a conglomerate of a cement matrix with small aggregates. The hydration process of the concrete binds the aggregate's surfaces chemically to the cement matrix. When the concrete is exposed to physical or chemical stress, these boundaries are nuclei of crack formation. According to the literature, micro crack formation begins under minute stresses at the boundaries, but can be healed chemically again. Whereas these effects are reversible; increasing stress leads to the connection of these micro cracks, resulting in larger cracks which remain permanently and are not healed. These larger cracks are highly vulnerable to chemical weakening, like carbonation due to their large surface, which makes their detection important for damage assessment.
Since this corrosion affects physical parameters, like the elastic moduli, it can be measured as a change in elastic wave velocity. Furthermore, the crack opening can affect the quality factor Q.
Once large cracks have formed the velocity variations are usually strong, i.e., velocity decreases by more than 1%. Such changes can well be measured using the conventional the TOF of ballistic waves or the velocity of elastic surface waves, like in Zoëga et al. (2009) .
B. Acoustoelastic effect
General wave theory usually relies on Hooke's law, a linear first-order expression of the stress-strain relation. When taking second-order effects into consideration, an extended version of it applies introducing the sixth-order tensor C abcdef , r ab ¼ c abcd e cd þ C abcdef e cd e ef :
Here r and e are the stress and strain tensors, respectively, and C abcd is the fourth-order tensor of Hooke's law that can be expressed by the two Lamé parameters, k and l in the case of an isotropic homogeneous medium. In the case of an isotropic medium, the tensor C abcdef has only three independent components: l, m, n (Murnaghan, 1937) . These were named Murnaghan constants by Hughes and Kelly (1953) and describe the second-order behavior of the medium. While deriving velocities of the elastic body waves from the classical Hooke's law is straightforward and a classic textbook issue, the derivation of wave speeds from the Eq. 1 is complex but has been done by Toupin and Bernstein (1961) for special cases like an infinitesimal hydrostatic pressure or a uniaxial load. Their results suggest that in the presence of an external, uniaxial pressure the isotropy of the material is lost, and the wave speed depends on the wave direction and polarization. For a small stress in x-direction (r xx $ > 0) the velocities of waves propagating in x-direction with different polarization change as follows:
where E ¼ ð3k þ 2lÞl=ðk þ lÞ is the Young's modulus, and m is Poisson's ratio. This relation has been used to determine the Murnaghan constants of various rocks (see for example Sarkar et al., 2003) , giving insight into the anisotropic velocity changes induced by external stresses. Typical values for l, m, n are negative and in the order of 1000 GPa, which leads to a relative variation of velocity with stress of about 10 À3 MPa
À1
, according to Johnson and Rasolofosaon (1996) . These changes could be measured for geological stresses of some 100 MPa, but were too minute to be detected in materials like concrete, which fail at a few 10 MPa. However, using ultrasonic waves combined with Coda wave interferometry (Sec. III), the Murnaghan constants of a concrete sample could be recently determined (Payan et al., 2009) . Due to the strong heterogeneity of concrete, the mean free path of ultrasonic waves is similar to the wavelengths involved. This means that scattering and wavetype conversion is very strong and it is experimentally difficult to distinguish between differently polarized wave-types.
III. CODA WAVE INTERFEROMETRY
A. Cross-correlation for time delay estimation
The wave velocity in a medium is normally determined by measuring the TOF of a ballistic wave. The precision of such a measurement is limited by the ability to pick an arrival time in the recorded seismogram. Since the signal has a finite width, this is inherently imprecise and strongly affected by noise. If not the absolute value of TOF or velocity is the aim of a measurement but the change of velocity between measurements at different states, the precision can be increased by performing relative measurements.
Assuming we compare two measurements performed with the same acquisition geometry from one sample in an undisturbed state and a stressed state, the precision can be increased by calculating the cross-correlation An example is shown in Fig. 1 . The left figure shows two identical synthetic signals with a small time lag, disturbed by strong noise. It is difficult to quantify the time lag between the two signals directly, let alone pick an arrival time. However, if the cross-correlation between the two signals is regarded (right figure), then the maximum of CC j t j ðsÞ and the time lag Dt ¼ s max can be easily determined.
B. Coda wave interferometry
Although the accuracy of TOF-variation measurements can be increased by performing relative measurements with the cross-correlation technique explained above, the precision is still limited by the absolute value of the TOF change. In principle this could be increased by using larger samples with longer TOF. But in fact it is not necessary to increase the size of the sample to encounter waves with longer TOF. Multiply scattered waves and reflections from the boundaries generate wave trains that travel on complicated paths with long TOF and form the coda of the impulse response. Though the details of coda waves cannot be interpreted, changes in the medium alter the coda waves in a characteristic way that can be evaluated with coda wave interferometry.
Coda wave interferometry uses the values of CC j max ðt j Þ and Dt (t j ) calculated in time windows from the late part of the seismic signal that contains multiply scattered waves with large TOF (t j ). These waves have sampled the medium for a longer time so that even a small velocity change results in a notable absolute time lag. Furthermore, whereas the first arriving wave sampled only one path, i.e. one small region of the medium, the waves constituting the coda have sampled larger regions. This means that small changes anywhere in the specimen are visible in the coda, which makes this method ideal for nondestructive monitoring of engineering structures.
Different types of changes can be distinguished in the coda and related to different processes in the medium by interpreting the dependence of CC j max ðt j Þ and Dt (t j ) on the TOF t j of the scattered waves. We give a short overview of these types and refer the interested reader to Snieder (2006) .
(1) If the time lag Dt (t j ) changes proportionally to t j , but the value of CC j max ðt j Þ remains constant; the wave velocity is modified homogeneously in a large region of the medium. This can be due to large scale stress changes.
(2) If Dt (t j ) % 0 irrespective of t j but CC j max ðt j Þ decreases with t j ; the number, kind, or location of any type of scatterers has changed. As typical scatterers are cracks or defects in the medium, which means that cracks have opened or widened or their impedance contrast has changed.
By measuring Dt(t j ) and CC j max ðt j Þ in different lapse time windows and for different source receiver combinations, estimations about the location and the extent of the changes can be made (Pacheco and Snieder, 2005) . In the present analysis we focus on the first type of change, i.e. a large scale change of wave velocity. Such a change in the medium results in a phase delay that increases proportional to lapse time, thereby effectively stretching or compressing the time axis of the signal in the perturbed state.
In this case the stretching correlation technique described in Sens-Schönfelder and Wegler (2006) can be applied to infer the underlying velocity change. This method relies on the correlation coefficient between the stretched or compressed trace and a reference,
Compared to CC
ðeÞ allows to use larger time windows T because the distortion of the trace is better modeled by stretching with a factor e than by shifting a constant time s. This further enhances the precision of the measurement. The applicability and robustness of this technique has been shown in ultrasonic laboratory experiments by Hadziioannou et al. (2009) and it has been applied to strongly scattering materials like lunar regolith by Sens-Schönfelder and Larose (2008) .
IV. LABORATORY STRESS EXPERIMENTS
In a heterogeneous medium such as concrete, the Murnaghan constants can vary strongly between different samples of the same material. Therefore a laboratory experiment was conducted to determine the stress dependence of the wave velocities. A specimen from the exact concrete of the bridge was used, provided by the construction enterprise. The concrete was 8 months old of strength class C40/50, according to DIN EN 206-1. The break-down stress of the sample was determined to be 60.9 MPa.
This specimen was loaded in a uniaxial press at the Federal Institute for Materials Testing and Research (Bundesanstalt für Materialforschung und Materialprüfung, BAM) in Berlin. On the opposite sides of the sample ultrasonic P-wave transducers with central frequency of 250 kHz (source: UPG 250, receiver UPE 250, both from Geotron) were attached, which were excited with a 70 kHz central frequency pulse. The signal was generated and recorded by a Geotron UKS-D, normally used for direct TOF and attenuation determination (see Fig. 2 ).
This experiment is similar to the measurements by Larose and Hall (2009) , who were able to determine stressinduced velocity variations in concrete with a relative resolution of 2.10 À5 . Our experiments also aimed at estimating the velocity effects due to stress damage in concrete. Therefore we loaded the sample in small steps (ranging from 50 kPa to some MPa) with a stress of up to 45 MPa, which is 75% of the break-down stress. Figure 3 shows a comparison of two seismograms with minute stress differences. Whereas in the direct wave after 40 ls no difference is visible, the late time window around 1000 ls shows a clear advance of the phase in the strongest loaded state. Note that a travel-time of 1000 ls corresponds to a P-wave path length of over 4 m, which is 25 times the diameter of the specimen. Nevertheless the signal shape remains very similar. Since the signal shape is similar over a large time window, the stretching correlation method (Eq. 4) according to Sens-Schönfelder and Wegler (2006) is well suited to estimate the velocity change.
The measured velocity variations as a function of applied stress are shown in Fig. 4 to 75% of the failure stress), the velocities dropped by about 3% from its highest level. This behavior with remnant changes is not described by the second-order elastic theory (Eq. 1). At this stress, small cracks begin to connect to larger fissures which strongly influence the elastic parameters. This velocity drop was also detected by TOF. However, TOF estimated the velocity change to be almost 12%. This difference is due to the different wave types and directions that are mixed in the coda. Whereas the TOF measurements are sensitive to variations of the compressional wave velocity in the direction between the receivers only, the CWI measurements average the sensitivities of the different wave types and directions according to their prevalence in the coda wave field. According to Sato and Fehler (1998) , we have to assume that the coda consists mainly of shear and surface waves.
After releasing the stress again to reach state E, the velocities were dropped permanently by 4.5% compared to the initial velocity. It has to be noted that the actual values of the velocity drops depend on the time window chosen in the signal. This is an effect of the wave-type conversion, which decreases the contribution of the compressional waves over time.
V. THE BRIDGE EXPERIMENT A. Experimental setup
While CWI measurements in buildings have been described in Larose et al. (2006) , allowing to monitor velocity changes in a ground floor concrete slab, yet no measurements were done in an engineering structure with a known stress model, where a comparison between theoretical prediction and detected velocity changes are possible.
For such comparison, an engineering structure with a changing stress state was needed, where these stresses could be estimated. A bridge under construction, which was being built using the Incremental Launch method [German: Taktschiebeverfahren, for details see: Leonhardt and Baur (1971) ], fulfilled this requirement. With this method, segments of the bridge girder are cast behind the abutment against the previously cast segments. The whole superstructure is then longitudinally pushed forward over the previously constructed substructure. The launching process is illustrated in Fig. 5 . Afterwards, a new segment is cast, connected, and pushed until the bridge has reached the opposite abutment. This method has been widely used in Europe for almost half a century according to Zellner and Svensson (1983) and is well suited for this experiment:
(1) During the launching, when the bridge superstructure is moved to about 10 m per hour, the stress state changes almost continuously within the concrete of the structure, between 14 À 0.5 MPa. This should result in relative velocity variations of approximately 1.5%. (2) Since the launching is done within 2 or 3 h; the measurement can be done quickly, which keeps the environmental effects like varying sensor coupling or temperature changes small. (3) Since the launching is carefully planned beforehand, an estimation of the involved stresses is already done by the civil engineers. This stress model can be used to estimate velocity variations that can be compared with the measured results.
The experimental idea was to measure the seismograms of a point-like source at a distance of 6-10 m with an array of geophones multiple times during the launching and compare the signal shapes (see Fig. 6 ). A geophone is a vibration sensor used in Earth sciences consisting of a spring-mounted magnetic mass moving within a wire coil. The seismograms were recorded with a sampling rate of 4 kHz, then high-pass filtered at 750 Hz to exclude long period wave types with wavelengths larger than the girder itself. The spectrum of the resulting seismograms was almost flat between 800 and 1500 Hz.
1 With a compressional wave velocity of v P % 4 km/s in concrete, the wavelengths involved are thus < 5 m. However, because the deck slab's thickness is small compared to its horizontal dimensions; virtually all wave energy was in Lamb modes, which are flexural waves with a significantly lower phase velocity Royer and Dieulesaint, 2000) .
, h ¼ 0.5 m and f % 1 kHz, we can estimate v / % 1850 m/s and k % 1.85 m. The distance of at least 6 m was thus enough to be outside the source's near-field. Twelve geophones were laid out in a line, with 50 cm distance in between (see Fig. 6 ).
The experiment was conducted using standard geophones with an eigenfrequency of 10 Hz, far below the cutoff frequency of the lowpass-filter. To excite the elastic waves, we used a hammer and plate source which is simply a heavy hammer being dropped on an aluminum plate. Keiswetter and Steeples (1995) describes the sledgehammer to produce mostly low frequency signals below 100 Hz for experiments on soft ground. We found in preliminary experiments that a plate directly connected to a concrete structure excites a broad frequency spectrum reaching beyond 4 kHz, which allows this simple method to be used here. Since the source time function (STF) depends on the actual way the strike is carried out, it can vary significantly between measurements. As we wanted to compare waveforms, we relied on a constant STF. To weaken the influence of the STF we have stacked ten measurements at a time, which also helps reducing noise.
B. Results
To understand the wave propagation in the bridge and to compare our results with predictions from the stress model we performed a fully elastic three dimensional (3D) simulation. This simulation was done using a discontinuous Galerkin algorithm on a tetrahedral mesh, which is able to model the bridge geometry very close (see Fig. 7 ). which contains most of the energy. It corresponds to the direct Lamb wave. Reflections from the sides of the bridge are visible mainly in the numerical simulations as waves with high apparent velocity. These phases are hardly visible in the real data, probably because of internal heterogeneities in the bridge, which were not included in the simulation. Scattering on minor parts of the structure, like steel tendons within the girder leads to a loss of coherency. All in all, comparison between the numerical simulations and the seismograms shows that the exact wave field is more complex than that expected from a homogeneous medium with the shape of the bridge.
Seismograms recorded at different stages of launching are quite similar and we test the hypothesis that wave form changes are primarily due to variations of the velocities.
To quantify whether the changes in the seismogram can be attributed to velocity variations, we calculated the decorrelation of the signals [defined as
between a reference measurement (measurement 5) and all others for each geophone. The decorrelation gives an estimation of signal dissimilarity, ranging from 0 (signals are identical) to 1 (signals are totally uncorrelated). Figure 9 shows D 0 for all measurements. It is zero for measurement 5 because it is used as a reference and increases with temporal distance from this reference for all geophones indicating that the changing state of stress in the bridge changes the wave forms.
If the effect of a spatially homogeneous velocity change is corrected by stretching or compressing the time axis of the records, we obtain the minimum decorrelation Fig. 9 . The decorrelation of all wave forms can be significantly reduced by correcting for the velocity change, indicating that a homogeneous velocity change is an acceptable model for the medium changes that cause the alteration of the wave forms. The remaining decorrelation is a result of multiple factors,
(1) As shown by Lobkis and Weaver (2003) , the decorrelation increases with stretching mainly due to wave-type conversion which does not scale with stress the same way as the velocities. (2) The velocity changes are not homogenous in the sampled region of the bridge and thus do not lead to lapse time proportional phase shift. (3) The stress does not only affect wave velocities but also the attenuation which distorts the waveforms.
To determine the velocity variation that underlies the wave form change, we examined the signal stretching factor e max (see Eq. 4) which maximized CC S . Since the extent of the geophone array is short compared to the spatial wavelength of the stress change (distance of pillars), the value of e max does not depend on the position of the geophone. We therefore show the mean of all measurements of e max converted to velocity change as Dv=v % Àe in Fig. 10 . Error bars correspond to the limits of the second and third quartile of the 96 measurements at each state of the launching process (measurements from 12 geophones against 8 possible reference traces). A clear decrease of the velocity is observed from the beginning of the measurements until the fifth or sixth measurement where the velocity reaches a minimum. Later on the velocity increases again to reach values similar to the beginning of the launching.
C. Comparison with theoretical estimations
To investigate if the measured velocity variations can be attributed to the stress changes from the launching, we compared them to synthetic waveforms based on the estimated stress states. While it would have been favorable to compare the data with a measured stress state, this proved impossible: There is no nondestructive way of measuring the stress state within a structure. In civil engineering, stresses are usually estimated by measuring the strain at the surface, which is cumbersome. For the bridge we examined, no stress measurements were available. The stress states for the launching states were therefore defined with the calculations done by the civil engineers during the planning process of the bridge.
To relate the stress changes to variations of the sonic velocity, the parameters from the laboratory experiment (Sec. IV) where used. Since the part of the bridge we were exploring had been moved over three pillars before; exposing it to the same loading path for three times, we used the stressvelocity relation from the loading path BC shown in Fig. 4 (10
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), which belongs to the concrete pre-stressed to 20 MPa. We also assumed that the stress damage was reversible as the stresses were calculated to be between À0.5 and 14 MPa. To produce synthetic seismograms, we set up an acoustic finite-difference (FD) simulation of the wavefield in the girder for each launching state.
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On the retrieved synthetic seismograms we applied the same algorithm as on the measured seismograms to infer e max . This is again converted to velocity change and plotted in Fig. 10 .
The results of the measurements are in good agreement with the estimations from the FD simulation identifying the stress changes as a cause of the velocity variations. A clear minimum is observed at position of the sixth measurement with higher velocities at the beginning and the end of the launching.
It should also be noted that there is uncertainty in the timing of the launching so that the stress states from the FD simulation do not perfectly agree with the states at the time of the measurements. This can be a partial explanation for the differences between predictions and measurements.
VI. DISCUSSION OF RESULTS
The laboratory experiments proved again the unprecedented accuracy of the coda wave interferometry method in measuring the acoustoelastic effect. What it also showed well were damage-induced effects on the slope of the stressvelocity curve, an effect previously not detected using elastic body waves. The large drop in velocity after a near break-down stressing was in good agreement with TOF measurements. The inferred dependence of the wave velocity on the mechanical stress formed the basis for the interpretation of the field data.
The bridge experiment showed the difficulties of applying this laboratory concept to a large structure with complex wave propagation. To utilize the robust geophysical equipment we used a frequency band at about 1 kHz. Scattering at internal heterogeneity of the concrete is weak at this frequency and the medium appears homogeneous. The generation of coda waves thus relies on scattering at minor parts of the structure and on multiple reflections from the boundaries. The numerical simulations and the measured data showed that these processes are sufficiently effective to generate signals with a strong coda. This allowed to measure velocity changes in a time window from 5 to 15 ms which can be described by estimations of stress changes and resulting velocity perturbations. The differences between the velocity changes from the numerical simulation and the real measurement can be attributed to simplifications in both:
(1) The spreading of values for D v/v from different receivers and reference traces is still high. This is most probably due to the low signal to noise ratio in the late coda and the limited reproducibility of the hammer source. (2) The velocity changes are highly anisotropic. Waves polarized parallel to the stress vector are much more sensitive to the stress variation than those with a perpendicular polarity. Our acoustic code did not attribute for that. (3) The engineer's stress estimations do not aim to provide a completely realistic stress model for the whole bridge superstructure, but merely ensure that certain critical material thresholds are not reached. The stress in the structure can hardly be measured by nondestructive methods. Usually the stress is estimated by measuring the strain at the surface. This was not done at this bridge.
VII. SUMMARY AND OUTVIEW
We have presented an experiment to monitor dynamic stress changes in a concrete bridge with elastic waves. The experiment used geophysical equipment to record vibrations excited by a hammer strikes at different stress states. Stress changes in the structure were caused by movement of the bridge's superstructure over the pillars during construction with the incremental launching technique. To relate observed changes in the elastic wave velocity with the stress changes in the structure the stress-velocity relationship was measured in laboratory experiments with samples of the bridge's concrete. Using this relationship our data fit the stress model that was pre-calculated by the engineers. The experiment demonstrates that stress changes can be measured with elastic waves not only in the controlled environment of a laboratory but also in the field at engineering structures. The stress can hardly be measured directly by nondestructive means yet and is usually only estimated from the strain measured at the surface with strain gauges. Therefore, this method could be very valuable for nondestructive testing.
The sensitivity of the measurements that took place at a construction site could be improved by a permanent installation of the sensors, the utilization of a source with higher repeatability, and the use of higher frequencies that experience stronger scattering.
We did not explore the anisotropy of the velocity change. This could be tried by using a two-dimensional (2D) array layout, but due to the multiple scattering of waves in the structure, the effect will probably be hard to measure.
Another exciting possibility would be the usage of passive image interferometry (PII), as it would allow for long term monitoring without active sources. Due to the construction works, the noise level was very high on our experiment site. The same would be true for a bridge with regular car traffic. However, the noise sources are certainly not well distributed in space and time. Also the noise would be dominated by strong, impulsive sources, like joints between bridge parts being hit by car tires. The research on what requirements have to be fulfilled by noise to be used in PII is still ongoing. Whether traffic noise allows PII on a bridge is an interesting topic.
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